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Floral scent is a key functional trait for pollinator attraction to flowers, but is poorly documented in many plant lineages and pollination
systems. In South African grasslands, chafer beetles (Scarabaeidae: Cetoniinae), particularly Atrichelaphinis tigrina, Cyrtothyrea marginalis and
Leucoscelis spp., are common floral visitors and specialized pollination by these beetles has recently been established in several asclepiad, orchid
and protea species. Chafer beetles are known to be attracted by a variety of floral volatile compounds and scent has been suggested to be an
important signal in these chafer-operated pollination systems. In this study, we used dynamic headspace extraction methods and coupled gas
chromatography–mass spectrometry (GC–MS) to examine the chemical composition of the floral scents of seven putatively chafer-pollinated
asclepiad species in the genera Asclepias, Pachycarpus and Xysmalobium. We identified 15–57 compounds in the scents of these species, of
which seven were common to all species examined. The scent profiles of each species separate into discrete clusters in two dimensional space
based on non-metric multidimensional scaling (NMDS), indicating clear distinctions between species and suggesting that plants may use different
combinations of volatiles to attract beetles. Two plants suspected to be intergeneric hybrids were also examined. Data on pollination systems,
morphology and scent chemistry are consistent with the hypothesis that these plants are hybrids between the chafer-pollinated species Asclepias
woodii and Pachycarpus concolor. The results of this study are discussed in relation to the role of chafer beetles as generalist pollinators of
specialized asclepiads.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.
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Floral scent is increasingly being recognized as a functionally
important trait in many plant–pollinator interactions, but
remains poorly examined for many systems (Dudareva and
Pichersky, 2006; Raguso, 2001). Recent studies in South
African grasslands have revealed a guild of plants that are
reliant on chafer beetles (Scarabaeidae: Cetoniinae), particularly
Atrichelaphinis tigrina (Olivier, 1789), Cyrtothyrea marginalis
(Swartz, 1817) and Leucoscelis spp. for pollination. These
chafer beetles are ubiquitous and generalist floral visitors in
South African grasslands (pers. obs.). Interestingly, while the
beetles themselves are highly generalist, some of the plants they
pollinate are highly specialized, in many cases being dependent
almost entirely on just one beetle species for pollination. Chafer-⁎ Corresponding author.
E-mail address: Johnsonsd@ukzn.ac.za (S.D. Johnson).
0254-6299/$ - see front matter © 2010 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2010.07.023pollinated species include asclepiads (Apocynaceae: Asclepia-
doideae; Ollerton et al., 2003; Shuttleworth and Johnson, 2008,
2009a), orchids (Orchidaceae; Johnson et al., 2007; Peter and
Johnson, 2009) and proteas (Proteaceae; Steenhuisen and
Johnson, 2007).
Detailed studies of the mechanisms of chafer attraction by
flowers have recently been conducted for proteas (Steenhuisen
et al., 2008; Steenhuisen et al., 2010-in this issue) and have
shown that floral scent is a key pollinator attractant. A role for
scent in pollination of the chafer-pollinated orchid S. micro-
rrhynchum was also suggested from antennal electrophysiolog-
ical studies of A. tigrina (Johnson et al., 2007). Chafer-pollinated
asclepiads are also often unusually fragrant in comparison to their
congeners, further suggesting that volatiles may play an important
role in the attraction of chafer beetles. The aims of this study were
thus to examine the chemical composition of the floral scents of
chafer-pollinated asclepiads and from the resultant patterns to
evaluate the role of floral scent in the attraction of chafer beetles to
asclepiad flowers.ts reserved.
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Johnson, 2009a), we discovered two individuals of what
appeared to be intergeneric hybrids between the two chafer-
pollinated species Asclepias woodii and Pachycarpus concolor.
These plants were growing at a site in Midmar Nature Reserve
(Table 1) where both A. woodii and P. concolor co-occur and
exhibited floral and vegetative traits intermediate between those
of the suspected parent species (Fig. 1a,b,c). Hybridization is an
important phenomenon which can result in novel traits being
incorporated into parent species through backcrossing and
introgression (Barton, 2001; Broyles, 2002; Lewontin and
Birch, 1966; Rieseberg et al., 2003; Stebbins, 1959). Although
hybridization in North American Asclepias species has fre-
quently been examined (Kephart et al., 1988; Klips and Culley,
2004; Wyatt and Broyles, 1992; Wyatt and Hunt, 1991), it has
seldom been reported in African asclepiads (but see Weale,
1873). We thus aimed to document these putative hybrids and
examine the likelihood that they result from hybridization
between A. woodii and P. concolor through comparison of
pollination systems, morphologies and floral scent.
The specific aims of this study were thus (1) to determine the
chemical composition of the floral scents of the five known chafer-
pollinated asclepiads and an additional two species suspected to be
chafer-pollinated, (2) to identify compounds in the floral scents of
the seven species that may be attractive to chafer beetles and, (3) to
compare floral and vegetative morphologies, and scent of the
putative hybrids to those of the parent species.
2. Methods
2.1. Study species and their pollination systems
This study involved seven grassland asclepiads (Apocyna-
ceae subfamily Asclepiadoideae sensu Endress and Bruyns,Table 1
Pollinators and sampling details of floral scent collection for the study species.
Species Pollinators Scent sampling an
Principal pollinator Source a n Sample
duration min b
Asclepias albens
(E.Mey.) Schltr.
Atrichelaphinis tigrina
suspected
3 6 20
A. woodii (Schltr.) Schltr. Atrichelaphinis tigrina,
Cyrtothyrea marginalis
1 6 25 (1–3), 80 (4
Pachycarpus concolor
E.Mey.
Atrichelaphinis tigrina 2 7 25 (1–3),
60 (4–6),
80 (7)
P. plicatus N.E.Br. Unknown – 5 60
P. scaber (Harv.) N.E.Br. Cyrtothyrea marginalis,
Leucoscelis spp.
2 5 20
Pachycarpus sp. nov. Atrichelaphinis tigrina 2 5 30
Xysmalobium involucratum
(E.Mey.) Decne.
Atrichelaphinis tigrina,
C. marginalis
1 5 20
A. woodii X P. concolor
hybrid
– – 1 25
a 1 = Ollerton et al. (2003); 2 = Shuttleworth and Johnson (2009a); 3 = Pers. obs
b Numbers in parentheses refer to the sample number.
c B = Baynesfield; H = Highflats; MCNR = Mount Currie Nature Reserve, Koksta
Reserve, Umzinto; WF = Wahroonga Farm.2000) in the genera Asclepias, Pachycarpus and Xysmalobium
(Fig. 1; Table 1). One of these species, A. woodii, is endemic to
the KwaZulu-Natal midlands and is listed as vulnerable in the
Red list for South African plants (Nicholas et al., 2009).
Pachycarpus sp. nov. is a recently discovered species still in the
process of formal description (M. Glenn, J. Lamb, A. Nicholas
and A. Shuttleworth, unpubl. data), but is currently known from
only a single locality and must also be considered threatened.
The pollination systems of five of these plant species have
been examined in previous studies and shown to be operated
primarily by the chafers A. tigrina, C. marginalis and
Leucoscelis spp. (Scarabaeidae: Cetoniinae; Ollerton et al.,
2003; Shuttleworth and Johnson, 2009a). The pollination
system of Asclepias albens has not been examined in detail,
but A. tigrina beetles have frequently been observed visiting
these flowers and we have collected individuals of this beetle
species carrying considerable numbers of A. albens pollinaria
(unpubl. data). The pollination system of Pachycarpus plicatus
is also unverified, but morphological similarities between this
species and the beetle-pollinated P. concolor (such as a bowl
shaped corolla and flattened gynostegial column with widely
spaced anther wings) suggest that it is also adapted for pol-
lination by chafer beetles. Voucher specimens of the study
species are deposited in the Bews Herbarium (University of
KwaZulu-Natal, Pietermaritzburg).
2.2. Floral scent collection, GC–MS analysis and comparison
of fragrance data between species
Scent samples were collected between October and Decem-
ber 2007 at six sites in KwaZulu-Natal, South Africa (Table 1).
Floral scent was collected using dynamic headspace sorption
methods by enclosing individual inflorescences in polyacetate
bags (Kalle, Germany) and pumping air from the bags throughd plant localities
Sample date b Locality c Co-ordinates Altitude
(m.a.s.l.)
24 Oct 2007 VCNR 30°16′06.5″S; 30°37′14.5″E. 447
–5) 13 Nov 2007 (1–3),
26 Nov 2007 (4–5)
MNR 29°32′15.8″S; 30°10′13.1″E. 1088
13 Nov 2007 (1–3), MNR 29°32′15.8″S; 1088
23 Nov 2007 (4–6), 30°10′13.1″E.
26 Nov 2007 (7)
1 Dec 2007 MCNR 30°29′58.2″S; 29°25′12.3″E. 1455
1 Nov 2007 B 29°45′13.3″S; 30°21′29.9″E. 810
3 Dec 2007 H 30°16′10.3″S; 30°12′09.3″E. 976
29 Oct 2007 WF 29°36′35.9″S; 30°07′59.4″E. 1350
13 Nov 2007 MNR 29°32′15.8″S; 30°10′13.1″E. 1088
.
d; MNR = Midmar Nature Reserve, Howick; VCNR = Vernon Crookes Nature
Fig. 1. Flowers of the seven study species and the suspected hybrid. (a) Asclepias woodii inflorescence, Wahroonga Farm; (b) flowers of the A. woodii X P. concolor
hybrid, Midmar Nature Reserve; (c) flowers of Pachycarpus concolor, Midmar Nature Reserve; (d) Asclepias albens inflorescence, Wahroonga Farm; (e) flower of
P. scaber, Baynesfield; (f) flower of Pachycarpus sp. nov., Highflats; (g) flowers of Xysmalobium involucratum being visited by Cyrtothyrea marginalis
(Scarabaeidae: Cetoniinae), Wahroonga Farm; (h) flowers of P. plicatus, Mount Currie Nature Reserve. All scale bars=10 mm.
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Carbotrap™ activated charcoal. Pumps ran at a realized flow
rate of 50 ml/min. Controls were taken from an empty poly-
acetate bag sampled for the same duration. Care was taken to
exclude green leaves from the polyacetate bag, but control
samples from green leaves were not collected and some non-
floral plant volatiles may have been collected in the samples. All
samples were collected in the field except for P. concolor
samples 4–6 (Table 1) which were taken from recently cut
flowering stems in the laboratory. Samples were analyzed by
coupled gas chromatography–mass spectrometry (GC–MS)
using a Varian CP-3800 gas chromatographer (Varian, Palo
Alto, CA, USA) with an Alltech EC-WAX column (optimal for
polar compounds) coupled to a Varian 1200 quadrupole mass
spectrometer with a Varian 1079 injector equipped with a
‘ChromatoProbe’ thermal desorbtion device (see Shuttleworth
and Johnson (2009b) for a detailed explanation of methods).
Fragrance profiles for the seven species were compared using
non-metric multidimensional scaling (NMDS) implemented
with Primer 6.1.6 (2006) (Clarke and Warwick, 2001; Clarkeand Gorley, 2006). NMDS was based on Bray–Curtis similarity
and data were square-root transformed prior to analysis. The
stress value is a measure of how well the two dimensional
configuration matches the similarity matrix, such that stress
below 0.1 represents a good ordination while stress values
between 0.1 and 0.2 represent a useful 2-dimensional picture but
patterns should be interpreted in conjunction with the results of
the ANOSIM analysis (Clarke and Warwick, 2001). ANOSIM
tests the differences in the fragrance profiles between species
using a non-parametric permutation procedure which generates
the test statistic R based on the similarity matrix underlying the
ordination (Clarke andWarwick, 2001). Values of R close to one
indicate complete separation of groups while R values close to
zero indicate minimal separation between groups. Significance
of differences is determined by comparison of the calculated R to
values of R resulting from up to 10000 random permutations of
the sample labels. It should be noted, however, that comparisons
between groups with small numbers of replicates will yield
insufficient permutations to produce meaningful levels of
significance, although this problem was only encountered for
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values for these were therefore not presented (Clarke and
Warwick, 2001). The NMDS and ANOSIM analyses were
repeated with typical green leaf volatiles (such as (Z)-hex-3-en-
1-ol and (Z)-hex-3-en-1-yl acetate) excluded, in order to confirm
that these compounds were not unduly affecting the results.
Volatiles characterizing the fragrance of each species were
identified using the similarity percentages (SIMPER) function
in Primer (Clarke and Gorley, 2006). SIMPER calculates the
percentage contributions of each compound to average overall
similarity between samples from a particular species (Clarke
and Warwick, 2001).
2.3. Morphometrics and scent of putative hybrids
A single individual of the putative hybrid between A. woodii
and P. concolor was discovered at Midmar Nature Reserve in
each of two flowering seasons (November 2006 and November
2007). Both individuals were collected and deposited in the
Bews Herbarium for subsequent analysis. The floral scent of
one of these individuals was sampled prior to collection (using
the methods described earlier; see Table 1 for details) and this
fragrance data was included in the NMDS analysis described
previously in order to compare it with the suspected parent
species. Morphological measurements of the two hybrids and of
the two parent species were taken using herbarium specimens.
For the parent species, we used specimens that were collected
by us in Midmar Nature Reserve in the same flowering seasons
as the hybrids. We measured the diameter of the flower
(measured across the corona) as well as the length and diameter
of the corona lobes (taken from the base along the outermost
edge), corolla lobes and leaves. Plant means were not calculated
as it was not always possible to differentiate which flowers/
leaves originated on separate plants in the herbarium collection
(i.e. flowers/leaves from multiple plants were sometimes
collected and preserved together as part of the same herbarium
specimen).
3. Results
3.1. Floral scents
The seven study species are all scented to the human nose.
Two species, Pachycarpus scaber and Xysmalobium involucra-
tum, are particularly fragrant with P. scaber exhibiting a strong
sweet scent (emission rate per inflorescence: 26.5±13.34 mean±
sd μg/h) and X. involucratum exhibiting a powerful sweet spicy/
cinnamon-like fragrance (emission rate per inflorescence: 18.2±
5.93 μg/h). The remaining species are relatively weakly scented
both to the human nose and in terms of actual emission rates
(emission rate per inflorescence ranging from 0.4±0.25 μg/h in
P. plicatus to 8.6±12.53 μg/h in P. concolor) but have a similar
sweet scent. A wide range of floral volatiles in various
compound classes were identified from the headspace samples
of these species (ESM Tables 1 and 2). The scents of A. woodii,
P. concolor, P. plicatus, Pachycarpus sp. nov. and Xysmalo-
bium involucratum were all similarly dominated by aliphaticsand isoprenoids (ESM Tables 1 and 2). In contrast, the scent of
A. albens was dominated by isoprenoids with small amounts of
aliphatic and aromatic compounds; and the scent of P. scaber
was dominated by aromatics and isoprenoids with small
amounts of aliphatics (ESM Tables 1 and 2). Seven compounds
(myrcene, limonene, (E)-ocimene, linalool, (Z)-hex-3-en-1-ol,
(Z)-hex-3-en-1-yl acetate and 2-methylcyclopent-2-en-1-one)
were common to the scents of all seven species (ESM Tables 1
and 2). A. woodii produced the fewest compounds (ranging from
9 to 15 between samples) while P. scaber (36–40 compounds)
and X. involucratum (45–57 compounds) produced the highest
number of compounds. A total of 32 compounds account for the
first 80% of average Bray–Curtis similarity between conspecific
samples across all species (Table 2). Between seven and 15 of
these compounds accounted for the first 80% of average
similarity within individual species (Table 2). Three compounds
(myrcene, (E)-ocimene and (Z)-hex-3-en-1-yl acetate) contrib-
uted to average similarity in all seven species (Table 2).
Floral scent profiles for each of the seven species separate into
discrete clusters in the non-metric multidimensional scaling
(NMDS) ordination (Global R=0.844, Pb0.001; Fig. 2). Exclu-
sion of typical green leaf volatiles from this analysis did not
dramatically alter the NMDS and ANOSIM analyses (results not
shown). The scent profiles of A. albens, P. scaber, Pachycarpus
sp. nov. and X. involucratum were all clearly distinct and well
separated from each of the other species (range of R for pairwise
contrasts between species=0.755–1; Pb0.01). The scent profile
of P. plicatus was poorly separated from that of P. concolor
(R=0.263; P=0.047), but was well separated from the re-
maining six species (R=0.768–1; Pb0.01). The scent profiles of
P. concolor and A. woodii were moderately separated (R=0.506;
Pb0.01). Aside fromP. concolor, the scent ofA. woodiiwas well
separated from all other species (R=0.768–1; Pb0.01).3.2. Morphometrics and scent of putative hybrids
Flowers and leaves of the putative hybrid plants were
consistently intermediate between those of A. woodii and
P. concolor in shape and size (Fig. 1a,b,c; Fig. 3).
Eighteen compounds were identified in the headspace
sample taken from the putative hybrid (ESM Table 1). Of
these, seven were common to the scents of both parent species,
while seven compounds and one compound were also found in
the scents of P. concolor or A. woodii respectively (ESM
Table 1). Three compounds (oct-1-en-3-ol, (Z)-hex-3-en-1-yl
isovalerate and cyclohex-2-en-1,4-dione) were unique to the
hybrid and were not found in the scents of the parent species.
The hybrid scent profile fell midway between the scents of
A. woodii and P. concolor in the NMDS ordination (Fig. 2),
although the ANOSIM analysis suggested that the hybrid
was closer to P. concolor (R=0.197) than to A. woodii (R=0.4).
The hybrid scent profile was also close to P. plicatus in the
ordination (Fig. 2), although the ANOSIM analysis suggests
that the hybrid scent was distinct from the scent of P. plicatus
(R=1). Comparison of the hybrid sample to each of the other
five asclepiad species yielded R values of 1 for all species.
Table 2
Compounds contributing to the first 80% of average similarity between conspecific scent samples (from SIMPER analysis). % = percentage contribution of each
compound to conspecific similarity, Sim/sd = percentage contribution/standard deviation. Compounds that characterize a species scent will exhibit high percentage
contributions and high sim/sd values (Clarke and Warwick, 2001). Compounds in bold are those that have been shown to elicit an electroantannagraphic response
(superscript a) or to be attractive (superscript b) to cetoniine beetles (see footnote to ESM Table 1 for references). Mass fragments for unknowns are listed with the
molecular ion first (if known) marked with *, followed by the base peak and other fragments in decreasing order of abundance. KRI = kovats retention index
(calculated from retention times).
Compound Asclepias
albens
Asclepias
woodii
Pachycarpus
concolor
Pachycarpus
plicatus
Pachycarpus
scaber
Pachycarpus
sp. nov.
Xysmalobium
involucratum
KRI % Sim/sd % Sim/sd % Sim/sd % Sim/sd % Sim/sd % Sim/sd % Sim/sd
Aliphatics
(Z)-Hex-3-en-1-yl acetatea 1335 3.6 1.0 39.7 2.4 27.5 1.8 36.5 18.5 4.8 3.8 11.5 4.2 2.0 0.6
Hexyl acetatea 1292 – – – – – – 4.6 7.0 – – 2.1 2.8 – –
(Z)-Hex-3-en-1-ola 1398 – – 6.0 1.1 6.4 1.7 4.1 4.6 4.0 3.1 4.9 5.0 1.5 1.6
Hexan-1-ola 1364 2.0 4.5 – – – – – – – – – – – –
(E)-Hex-2-en-1-ola 1417 – – – – – – – – – – 2.7 4.2 – –
(E)-Hex-2-enala 1240 – – – – – – – – – – 2.5 1.4 – –
Aromatics
Benzaldehydea 1546 2.2 3.3 – – – – – – 29.2 3.9 – – 16.4 4.7
Benzyl alcohola 1900 2.2 2.2 – – – – – – 3.0 3.5 – – 4.1 9.0
Methylbenzoatea,b 1651 2.1 1.2 – – – – – – – – – – 11.6 4.5
Methyl salicylatea,b 1794 – – – – – – – – – – – – 3.7 2.6
Phenylethyl alcohola 1940 – – – – – – – – – – – – 8.3 3.8
Phenylacetaldehydea,b 1668 – – – – – – – – 4.6 2.0 – – 3.5 2.1
Isoprenoids
α-Pinene 1093 – – – – – – – – 2.8 2.1 – – – –
(E)-Ocimene 1276 5.2 3.4 6.0 1.3 11.9 2.1 2.3 1.4 4.2 5.6 2.8 1.7 14.6 1.2
(Z)-Ocimene 1257 5.1 5.1 – – – – – – 2.6 1.4 4.9 3.3 1.8 1.8
Myrcene 1202 8.6 3.7 5.0 0.9 14.0 1.5 3.0 0.8 9.9 2.9 11.8 4.0 2.0 1.6
Limonene 1229 4.4 3.4 – – 7.6 1.1 2.4 0.7 6.7 3.4 3.0 4.1 – –
Linaloola,b 1557 33.6 1.9 8.7 2.5 – – 4.2 3.7 – – 11.5 7.2 4.1 0.7
Hotrienol 1625 – – – – – – – – – – 5.4 3.9 – –
Caryophyllenea,b 1623 2.0 2.5 – – 5.8 1.4 7.6 8.8 – – – – – –
Germacrene D 1739 – – – – 3.2 0.8 – – 2.1 7.5 – – – –
(E)-β-Farnesene 1685 – – 4.9 0.6 – – – – – – – – – –
4-Oxoisophorone 1721 – – – – – – – – 1.8 1.0 11.1 5.0 – –
Unknowns
m/z: 150*,69,41,81,79,82,53 1325 7.4 4.0 13.5 2.8 1.9 0.8 4.9 6.9 – – – – – –
m/z: 57,85,86,43,55,42,41 1567 – – – – 3.4 1.0 7.0 4.4 2.1 2.2 2.2 0.9 – –
m/z: 112*,83,55,57,84 1619 – – – – – – 2.7 4.5 – – 2.4 4.5 – –
m/z: 57,85,39,41,43,55,31 1986 – – – – – – 2.5 2.2 – – – – 1.4 1.4
m/z: 150*,69,41,81,79,107,119,79,82 1298 1.9 2.8 – – – – – – – – – – – –
m/z: 152*,43,109,81,79,67,91,55 1841 – – – – – – – – – – – – 2.0 1.1
m/z: 79,81,77,41,72,53 1503 – – – – – – – – – – – – 3.4 1.0
m/z: 168*,85,56,125,43,69,41,83,153 1693 – – – – – – – – 3.4 1.6 – – – –
m/z: 152*,43,69,109,55,67,41,95 1732 – – – – – – – – – – 2.1 3.0 – –
Total 80.2 83.8 81.7 81.6 81.2 80.9 80.3
Average similarity (Bray–Curtis) 66.6 62.2 51.5 75.7 72.6 68.9 54.4
Number of compounds 13 7 9 12 14 15 15
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The results of this study are consistent with the suggestion
that floral scent may play an important functional role in
specialized chafer beetle (Scarabaiedae: Cetoniinae) pollination
systems. Flowers of the seven asclepiads examined are all
scented and produced between 15 and 57 floral volatiles (ESM
Tables 1 and 2), many of which may play a role in the attraction
of beetles. Floral scents of the seven species formed distinct and
mostly well separated clusters in the non-metric multidimen-
sional scaling (NMDS) ordination (Fig. 2) indicating that the
scents of these species are distinguishable from one another and
suggesting that these species may use different combinations ofvolatiles to attract beetles. The scent and morphometrics of
the putative hybrids suggest that these plants were indeed
derived from intergeneric hybridization between A. woodii and
P. concolor (ESM Table 1; Figs. 2 and 3), although more
comprehensive sampling of the parent species would be re-
quired to resolve this fully. The hybrid scent was also close to
the scent of P. plicatus in the ordination (Fig. 2) although the
ANOSIM analysis suggests that these scents are distinct. This
counter-intuitive result may relate to the similarity between the
scents of P. plicatus and P. concolor or, alternatively, this may
simply reflect an imperfect representation of the similarity
matrix in two dimensions. The latter possibility is supported by
the relatively high stress value (0.16) for the 2-dimensional
Fig. 2. Non-metric multidimensional scaling ordination of floral scent profiles for the seven asclepiad species and the hybrid.
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putative hybrids are related to P. plicatus as the floral
morphologies are not similar (Fig. 1; A. Shuttleworth pers.
obs.), although we cannot exclude the possibility that P. plicatus
may be a parent species.
Our results suggest that chafer beetles are attracted by broad
classes of floral volatiles rather than by specific compounds.
Only seven compounds (myrcene, limonene, (E)-ocimene,
linalool, (Z)-hex-3-en-1-ol, (Z)-hex-3-en-1-yl acetate and 2-
methylcyclopent-2-en-1-one) were common to the scents of all
the asclepiad study species (ESM Tables 1 and 2), and only four
of these (myrcene, linalool, (Z)-hex-3-en-1-ol and (Z)-hex-3-
en-1-yl acetate) have also been found in the scents of chafer-
pollinated proteas and the chafer-pollinated orchid Satyrium
microrrhynchum (Johnson et al., 2007; Steenhuisen et al., 2010-
in this issue). However, myrcene, limonene, (E)-ocimene and
linalool are ubiquitous floral volatiles (Knudsen et al., 2006),
while (Z)-hex-3-en-1-ol and (Z)-hex-3-en-1-yl acetate are
typical green leaf volatiles. Although green leaf volatiles elicit
an electrophysiological response in chafers, they do not appear
to be attractive (Bengtsson et al., 2009; Larsson et al., 2001,
2003). The final compound common to the scents of the as-
clepiad study species, 2-methylcyclopent-2-en-1-one, is unusu-
al but, aside from our studies (Shuttleworth and Johnson,
2009b,e), has not previously been described as a floral volatile
(Knudsen et al., 2006) and was not found in the scents of non-
asclepiad chafer-pollinated species (Johnson et al., 2007;
Steenhuisen et al., 2010-in this issue).A similar mechanism of attraction has been suggested by
other studies of scent in chafer-pollinated flowers. The
fragrance of S. microrrhynchum contains over 50 volatiles,
but is dominated by common floral volatiles such as linalool, α-
and β-pinene, myrcene, eucalyptol and methyl eugenol, several
of which were shown to elicit an electrophysiological response
in the antennae of A. tigrina beetles (Johnson et al., 2007).
Likewise, chafer-pollinated proteas produce complex floral
fragrances but are typically dominated by common volatiles
such as linalool, benzaldehyde, methyl benzoate, benzyl
alcohol, α-pinene and eucalyptol (Steenhuisen et al., 2010-in
this issue). These studies are consistent with our results and
suggest that chafer beetles utilize various blends of common
floral volatiles as cues to identify potential food plants.
Chafer beetles are typically polyphagous nectar or fruit feeding
insects and appear to be attracted primarily by volatiles that
represent cues to food substrates (Larsson et al., 2003). Studies
examining olfaction in pest chafer species have shown that these
beetles can detect a wide range of volatiles in various compound
classes and many of these (especially aromatics) are attractive to
chafer beetles (e.g. Bengtsson et al., 2009; Donaldson et al., 1986,
1990; Johnson et al., 2007; Larsson et al., 2003; Toth et al., 2004;
Vuts et al., 2010a,b; Wolde-Hawariat et al., 2007). Many of the
compounds found in the scents of the seven study species are
common floral volatiles (ESM Tables 1 and 2; Knudsen et al.,
2006) and several of these are established chafer attractants
(highlighted in Table 2 and ESM Tables 1 and 2). Although
certain single compounds can be attractive to chafers (Donaldson
Fig. 3. Morphometrics of the flowers and leaves of the hybrid plants and of the putative parent species, Pachycarpus concolor and Asclepias woodii from Midmar
Nature Reserve. Flower sizes represent means±s.d. Black circles = P. concolor; grey circles = A. woodii; black and grey circles = hybrid.
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2007), there is also evidence that compounds can have synergistic
effects, such that they are more attractive in combination than
singly, or are only attractive in combination (Larsson et al., 2003;
Toth et al., 2004; Vuts et al., 2010a,b). This, together with
phylogenetic effects, could explain the lack of overlap between
the scents of the seven chafer-pollinated asclepiads (Fig. 2), as
different species may be utilizing different combinations of
compounds to attract the same beetles.
Differences in the scents of the study species may also relate
to the particular beetle species involved as their relative
abundances varied between plant species (Ollerton et al.,
2003; Shuttleworth and Johnson, 2009a). Thus, P. concolor and
Pachycarpus sp. nov. appear to attract only A. tigrina; A. woodii
and Xysmalobium involucratum attract both A. tigrina and
C. marginalis; and, P. scaber attracts only C. marginalis and
Leucoscelis spp. (Table 1). Differences in the rank order of
attractiveness of particular compounds to different scarab
species have been noted in previous studies (Larsson et al.,
2003) and a similar mechanism may be responsible for thepartitioning of beetle species between chafer-pollinated plants.
This partitioning of beetles between plant species represents
further specialization within the overall guild, and may be an
adaptive response to reproductive interference resulting from
the utilization of highly generalist pollinators.
The potential for reproductive interference between guild
members is well illustrated by the suspected A. woodii×
P. concolor hybrids discovered at Midmar Nature Reserve. This
site contains a population of c. 40 plants of each species
growing side by side, and evidence from morphometrics (Fig. 3)
and scent (Fig. 2; ESM Table 1) suggests that the putative
hybrids are the result of cross pollination between A. woodii and
P. concolor. In addition, the putative hybrids exhibited a semi-
decumbent growth habit intermediate between the erect habit of
A. woodii and the decumbent habit of P. concolor. Movement of
pollen between these two species is likely since both are
pollinated by the beetle A. tigrina which is common at this site
(Ollerton et al., 2003; Shuttleworth and Johnson, 2008, 2009a).
Furthermore, the pollinaria of both plant species are attached to
the beetles' legs (Ollerton et al., 2003; Shuttleworth and
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occur. If this were the case, A. woodii would most likely be the
pollen donor since the relatively large pollinia of P. concolor
would not be easily inserted in the small flowers of A. woodii.
Alternatively, these plants may be the result of hybridization
between either of these species and other sympatric asclepiads as
several species of Asclepias and Pachycarpus are known to
occur in the region. More comprehensive sampling of the parent
species as well as molecular fingerprinting studies would be
required to resolve this question fully.
Hybridization has seldom been documented in African
asclepiads, although Weale (1873) described the occurrence
of possible hybrids between Gomphocarpus physocarpus and
G. fruticosus where their ranges overlap in the Eastern Cape. In
contrast, hybridization has been reported in several North
American Asclepias species (Broyles, 2002; Kephart et al.,
1988; Klips and Culley, 2004; Wyatt and Broyles, 1992; Wyatt
and Hunt, 1991). A possible explanation may be that the re-
latively specialized pollination systems found in South African
asclepiads (Ollerton et al., 2003, 2006; Pauw, 1998; Shuttle-
worth and Johnson, 2006, 2008, 2009a,b,c,d; but see Liede and
Whitehead, 1991) are a more effective isolating mechanism
than the generalized pollination systems found in North
American asclepiads (Fishbein and Venable, 1996; Ivey et al.,
2003; Kephart and Theiss, 2004; Kephart, 1983; Theiss et al.,
2007; Willson and Bertin, 1979).
Hybridization in plants is an interesting phenomenon as it
has been suggested to result in novel traits which may
contribute to adaptive variation through introgression (Barton,
2001; Broyles, 2002; Lewontin and Birch, 1966; Rieseberg
et al., 2003; Stebbins, 1959). In some instances, hybridization
may also result in novel recombinant species if the hybrid
genotypes establish and maintain isolation from the parents
(Rieseberg, 1997, 2006; Rieseberg et al., 1995, 2003). The
putative hybrids reported in this study represent one of the few
documented cases of hybridization in African asclepiads and
warrant further study. Future research needs to examine
pollination success in putative hybrids to assess the possibility
of introgression between A. woodii and P. concolor. Interest-
ingly, the floral scents of A. woodii and P. concolor were more
similar to each other than to most of the other species analyzed
(including congeneric species; Fig. 2), suggesting the possibility
of some gene flow between these two species, although a
plausible alternative explanation would be that the scents are
similar because of convergence driven by adaptation to the same
pollinators.A. woodii has a limited distribution in KwaZulu-Natal
(Nicholas et al., 2009) where it overlaps with the widely
distributed P. concolor (Smith, 1988). It would also be interesting
to compare traits of P. concolor plants from regions where A.
woodii does not occur to those of plants in the hybrid zone.
In conclusion, future studies need to examine the contribu-
tions of adaptation versus phylogenetic history to the blends of
compounds that characterize chafer beetle-pollinated species. It
would be interesting to distinguish between selection for at-
tractiveness versus selection for blends that promote foraging
constancy and thereby limit reproductive interference resulting
from the common utilization of generalist pollinators. Thisstudy also demonstrates that floral volatile data can be useful as
additional evidence for hybridization.
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